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A functional replication origin was reconstituted using oligonucleotide cassettes corresponding to three sequence subele-
ments within the Bovine Papillomavirus Type 1 (BPV-1) replication origin: the 23-bp AT-rich region (ATR), the 18-bp binding
site for the viral replication initiator protein E1 (E1BS), and a binding site for the viral transcriptional transactivator and
replication enhancer protein E2 (E2BS). Replication of the reconstituted origin depended on heterologous expression of
both the E1 and E2 proteins and on the presence of both the E1BS and E2BS, indicating that it is functionally analogous
to the authentic BPV-1 origin. In addition, pairwise testing of subelement combinations revealed that the ATR was also
essential and that a functional origin required at least one copy of all three subelements. While the E1BS and E2BS are
sequence-specific elements, the function of the BPV-1 ATR could be at least partially substituted with heterologous AT-rich
sequences, suggesting that the role of this element is primarily AT content-dependent rather than sequence-dependent. A
stringent requirement for the ATR was also observed in the context of an authentic minimal origin sequence confirming
that it is an intrinsic property of the BPV-1 origin and not simply an artifact of the reconstitution system. This study indicates
that the minimal functional BPV-1 origin shares the tripartite modular organization characteristic of other simple eukaryotic
replication origins. The reconstitution system described now provides a convenient approach to define the physical and
functional interrelationships between the three subelements in a systematic fashion. q 1997 Academic Press
INTRODUCTION region (ATR), which can serve as a DNA-unwinding ele-
ment (DUE) (Natale et al., 1992; Lin and Kowalski, 1994).
The chromosomes of higher eukaryotes can contain Cis elements such as the ATR and/or the DUE may act to
tens of thousands of potential replication origins and this facilitate the progression of replication machinery, while
complexity has hindered the study of individual function- transcriptional transactivator protein binding may over-
ally active origins. Mechanisms governing the initiation come the steric repression to replication initiation and
of DNA replication in higher eukaryotes, including the progression caused by cellular histone complexes.
cis and trans elements involved with initiation at the ori- The cis and trans elements involved in replication initi-
gin, are still largely uncharacterized. Only a limited num- ation have been most extensively studied for autono-
ber of metazoan genomic origins have been identified, mously replicating yeast plasmids (Fangman and Brewer,
and characterization of these has not revealed long con- 1991) and the small DNA virus, SV40 (Borowiec et al.,
served regions of origin sequence (Benbow et al., 1992; 1990; Fanning, 1994). Specific origin sequences demon-
DePamphilis, 1993; Coverley and Laskey, 1994). Instead, strating the modular organization described above have
there appears to be a pattern of modular organization been identified in both systems and are recognized by
common among eukaryotic origins. The conserved mod- host cell replication proteins or a host cell/viral replica-
ular organization thought to be characteristic of eukary- tion protein complex. While both the yeast and SV40
otic genomic origins features the following subelements systems have been invaluable for replication studies, ad-
(DePamphilis, 1993): (i) a binding site for an initiator pro- ditional models are needed to further characterize cell-
tein or protein complex (Bell and Stillman, 1992; Gavin cycle regulated replication in metazoan cells. One such
et al., 1995), (ii) binding site(s) for transcriptional trans- system is bovine papillomavirus type 1 (BPV-1). The BPV-
activating proteins which can serve as enhancers of rep- 1 genome is a double-stranded, circular DNA that is com-
lication (Depamphilis, 1988), and (iii) a region of low ther- plexed with host cell histones to form minichromosomes
modynamic stability, often coincident with the AT-rich (Li and Botchan, 1994). These minichromosomes remain
physically separate from the host chromosomes in the
cell nucleus and undergo episomal replication on aver-1 Current address: Harvard Institutes of Medicine, Beth Israel-Dea-
age once per cell cycle in certain metazoan cell typesconess Medical Center, 4 Blackfan Circle, Rm. 318, Boston, MA 02115.
(Gilbert and Cohen, 1987; Nallaseth and DePamphilis,2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (409) 845-3479. E-mail: v-wilson@tamu.edu. 1994). Only two viral proteins are required for BPV-1 repli-
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cation, E1 and E2 (Ustav and Stenlund, 1991; Sedman origins. A 23-bp AT-rich region (ATR), the E1BS, and a 12-
bp binding site for the E2 protein (E2BS) are all presentand Stenlund, 1995). The E1 protein is an ATP-dependent
helicase which binds and unwinds the viral replication within the boundaries of the minimal origin from nucleo-
tides 7914–7927 (Fig. 1) (Ustav et al., 1993). Previous workorigin in a site-specific manner (Seo et al., 1993b; Yang
et al., 1993). Additionally, E1 has been shown to partici- established that both the E1BS and E2BS are necessary
for origin function (Seo et al., 1993a; Spalholz et al., 1993;pate in specific complex formation with the p180 subunit
of polymerase a-primase and may serve to recruit poly- Ustav et al., 1993; Mu¨ller et al., 1994; Holt and Wilson,
1995; Sedman, et al., 1997), but the contribution of themerase and other components of the cellular replication
machinery to the viral origin (Park et al., 1994; Bonne- ATR had not been carefully assessed. The goal of the
current work was to examine the functional requirementsAndrea et al., 1995). The transcriptional transactivator
product of the E2 open reading frame increases BPV-1 for each of the subelements by developing an origin recon-
stitution system that recapitulated origin function in vivo.replication efficiency by enhancing E1 binding, assembly,
and helicase activity through cooperative protein–pro- Using this system we determined that a minimal functional
origin of replication has a modular tripartite organizationtein interactions (Mohr et al., 1990; Seo et al., 1993c;
Sedman and Stenlund, 1995, 1996; Berg and Stenlund, consisting of one copy each of the ATR, the E1BS, and
the E2BS. No additional BPV-1 cis sequences are neces-1997; Bonne-Andrea et al., 1997), and by relieving histone
repression at the origin (Li and Botchan, 1994). Recent sary for replication, though flanking regions appear to en-
hance replication capacity. The reconstitution system nowwork by Grossel et al. demonstrates that overexpression
of the BPV-1 E1 protein in vivo can bypass the require- provides a means to vary the spacing, order, orientation,
and copy number of the individual subelements in a sys-ment for the E2 protein for replication of a plasmid con-
taining the authentic BPV-1 replication origin (Grossel et tematic fashion to define topographical rules of function.
al., 1996). Other than E1 and E2 proteins, the remainder
of the replication machinery is supplied by the host cell MATERIALS AND METHODS
(Mu¨ller et al., 1994; Melendy et al., 1995). The extensive
Construction of origin clones
dependence of BPV-1 on the host replication machinery
plus the apparent coordination of BPV-1 replication with All origin reconstitution clones were created using stan-
dard techniques by sequential insertion of appropriate dou-the host cell cycle imply that the viral origin may be
subject to control by host cell mechanisms that regulate ble-stranded oligonucleotide cassettes into a pUC18 vector.
The specific cassettes utilized included the BPV-1 AT-richchromosomal origin utilization. The BPV-1 system holds
promise as a useful adjunct to ARS yeast plasmids, element (5*-GATCTAAGTAAAGACTATGTATTTTTT-3*/3*-
ATTCATTTCTGATACATAAAAAACTAG - 5* ) , heterologouswhich are unable to replicate in metazoan cells (Fang-
man and Brewer, 1991; Bell and Stillman, 1992), and the AT-rich sequences (AT1: 5*-GATCAAGTTTTAAATCAATCT-
AAAGTA-3*/3*-TTCAAAATTTAGTTAGATTTCATCTAG-5*);SV40 model, which replicates promiscuously during host
cell S phase (Matsumoto et al., 1990). (AT2: 5*-GATCTACAACAAATAAAAAACACTCAA-3*/3*-TAG-
TTGTTTATTTTTTGTGAGTTCTAG-5*); the BPV-1 18-bp in-In addition to the trans requirements discussed above,
the viral cis elements required for replication have been verted repeat (IR) containing the E1 binding site (5*-ATT-
GTTGTTAACAATAAT-3*/3*-TAACAACAATTGTTATTA-5*) ;investigated. Previously, the minimal BPV-1 origin of repli-
cation has been mapped to a region of approximately 60 an 18-bp IR lacking an E1 binding site (5*-TAATACTGATCA-
GTATTA-3*/3*-ATTATGACTAGTCATAAT-5*) as previouslybp (Ustav, M., et al., 1991, Ustav, E., et al., 1993) encom-
passing an 18-bp inverted repeat (IR), which contains the described (Holt et al., 1994; Holt and Wilson, 1995), and an
E2 binding site (5*-ACCGTCTTCGGTG-3*/3*-CACCGAAGA-E1 binding site (E1BS) (Holt et al., 1994). This minimal
origin fragment confers replication competency when CGGT-5*). The AT-rich cassettes, IR cassettes, and the E2
binding site cassette were cloned into the BamHI, SmaI,cloned into a plasmid and cotransfected with heterolo-
gous expression vectors for the E1 and E2 proteins (Ustav and Ecl136II sites, respectively, on the pUC18 vector. All
clones were confirmed by direct DNA sequencing with theand Stenlund, 1991). Evaluation of BPV-1 replication with
the heterologous expression system has allowed exami- double-stranded DNA Cycle Sequencing kit (GIBCO BRL).
Plasmid pMINORI was constructed by insertion intonation of cis and trans replication requirements indepen-
dent of confounding transcriptional effects inherent in the the pUC18 SmaI site of a 66-bp double-stranded oligonu-
cleotide consisting of BPV-1 sequences from 7908–7927.context of the viral genome (Ustav, M., et al., 1991; Ustav,
E., et al., 1993; Sedman and Stenlund, 1995). While the The double-stranded oligonucleotide was prepared by
hybridization of two partially complementary 38-base sin-location and boundaries of the BPV-1 minimal origin have
been defined by this process (Ustav, M., et al., 1991; Ustav, gle-stranded oligonucleotides A and B (A: 5*-AAGTAA-
AGACTATGTATTTTTTCCCAGTGAATAATTGT-3*; B: 5*-E., et al., 1993), the internal organizational requirements
are less well characterized. Sequence analysis of the mini- AACGGTGATGGTGTGATTATTGTTAACAACAATTATTC-
3*), followed by fill-in with T4 DNA polymerase. Thismal origin region reveals an apparent modular organiza-
tion similar to that characteristic of other simple eukaryotic construct contains the entire, authentic BPV-1 minimal
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origin region. The related construct, pMINORI/AT0, con- 7/0), 10 mM NaCl, 0.01 mM EDTA). The washed pellets
were incubated in 25 ml of 150 mM TNE (10 mM Tris–tains the BPV-1 sequences from 7930–7927, but has the
BPV-1 ATR region replaced with an unrelated sequence HCl (pH 7/0), 150 mM NaCl, 0.01 mM EDTA) containing
50 ng each of a 151-bp control nonorigin fragment and anthat is not AT-rich. Plasmid pMINORI/AT0 was con-
structed in the same fashion as pMINORI using oligonu- origin fragment. The control and origin fragments were
prepared and radiolabeled by incorporation of [a-32P]TTPcleotides A and C (5*-CGCGACGCTAGTAGCTCGGAA-
CCCCAGTGA-3*) for the hybridization step. The identity during PCR amplification of pUC18 or the reconstituted
origins constructs, respectively, using the primer set pre-of each construct was confirmed by DNA sequencing,
and their structures are diagramed in Fig. 1. viously described (Holt and Wilson, 1995). Origin frag-
ments produced by this procedure ranged from 169–256
Transient DNA replication assays in transfected cells bp. Labeled DNAs were incubated with the immunocom-
plexes for 30 min at 257 then washed, extracted, and the
CHO (Chinese Hamster Ovary) cells were grown in an
bound DNA analyzed on 10% Tris–borate polyacrylamide
atmosphere of 5% CO2 in Dulbecco’s Modified Eagle Me- gels (Holt and Wilson, 1995).
dium supplemented with 10% fetal bovine serum, 0.1%
penicillin-streptomycin, and 0.25% fungizone. Cells were
Mung bean nuclease assay
80% confluent when harvested for electroporation. Electro-
porations were done using 5 mg of supercoiled reconstitu- The mung bean nuclease assay was performed by a
ted origin-containing plasmid DNA, 3 mg each of the E1- modification of the procedure described by Kowalski and
and E2-protein expression vectors (pCGEAG-E1 and Eddy (1989). Supercoiled pMINORI and pMINORI/AT0
pCGE2, generous gifts of Arne Stenlund), and carrier DNA DNAs (1.0 mg) were incubated for 10 min at 377 in 5 ml
to a total of 50 mg. Each electroporation used 5 1 106 of 10 mM Tris–HCl (pH 7.0), with or without 10 units of
cells suspended in 250 ml growth medium as described mung bean nuclease (Boehringer Mannheim). After 10
above with 5 mM BES buffer (N,N-bis[2-hydroxyethyl]-2- min, samples were placed on ice and 1 ml of 10 mM
aminoethane-sulfonic acid, pH 7.2) and settings of 960 mF EDTA was added. One microliter of each reaction was
and 230 V. At various timepoints following electroporation, amplified by primer extension using 5 units of Taq DNA
transfected cells were harvested by Hirt extraction and polymerase in 100 ml of 10 mM Tris–HCl (pH 9.0), 50
the products were RNAse-treated. One-half of each Hirt mM KCl, 2 mM MgCl2 , 0.1% Triton X-100, 0.2 mM of each
extraction product was digested with DpnI and HindIII and dNTP, and 50 ng of a single primer (5*-CCCAGTCAC-
then electrophoresed on a 1% agarose gel. MboI digestion GACGTTGTAAAACG-3*) that had been end-labeled with
was performed simultaneously with DpnI and HindIII us- [g-32P-]ATP (4500 Ci/mmol). The amplified products
ing the remainder of the Hirt product for the samples were analyzed on a 8% sequencing gel in parallel with
indicated under Results and Discussion. The gel contents dideoxy sequencing reactions performed on untreated
were transferred to a nylon membrane (Genescreen Plus, plasmid DNA with the same primer as used for primer
DuPont, Inc.) by the downward alkaline southern blotting extension. The predicted delta G for the BPV-1 origin
protocol (Koetsier et al., 1993). Linearized pBOR DNA ra- region was determined using the Thermodyne program
diolabeled with [a-32P]dCTP using the Prime-a-Gene ran- provided by D. Kowalski (Natale et al., 1992).
dom-primed labeling kit (Promega, Inc.) was used for hy-
bridization of the membranes. Following hybridization, RESULTS
membranes were exposed to film at 0707 in the presence
The three subelements of the BPV-1 origin ofof an intensifying screen. For quantitation, blots were ana-
replication constitute a functional origin in thelyzed with a Molecular Dynamics PhosphorImager (Holt
absence of other BPV-1 sequenceand Wilson, 1995).
Inspection of the BPV-1 minimal in vivo functional ori-Origin DNA binding assay
gin (Ustav, M., et al., 1991; Ustav, E., et al., 1993) revealed
three apparent sequence subelements: an AT-rich regionDNA binding assays were performed with immunopre-
cipitated, bacterially expressed E1 protein as previously (ATR), an 18-bp inverted repeat containing the E1 binding
site (E1BS) and an E2 binding site (E2BS). To investigatedescribed (Holt et al., 1994; Holt and Wilson, 1995).
Briefly, 10 ml of bacterial extract was incubated with 5 ml the requirement for and function of these individual sub-
elements we constructed a synthetic origin clone,of either anti-E1 serum 5996 or preimmune serum and
then collected with protein A–Sepharose. The immuno- pBATFE1E2, by individually inserting one copy of each
subelement into pUC18. The three subelement cassettescomplexes were washed three times with 1 ml of 200
mM TNE (10 mM Tris–HCl (pH 7/0), 200 mM NaCl, 0.01 have a combined total of 53 bp of BPV-1-derived se-
quence while the regions flanking and intervening themM EDTA), supplemented with 0.25% Nonidet P-40 and
5 mg/ml of sheared salmon sperm DNA, and washed subelements in the reconstituted origin are pUC18 DNA.
The linear order and orientation of each subelement inonce with 1 ml of 10 mM TNE (10 mM Tris–HCl (pH
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FIG. 1. Organization of the BPV-1 minimal in vivo origin and structure of several origin containing plasmids. Shown at the top is the BPV-1 sequence
from nucleotides 7892–7852. The upper bracket indicates the boundaries of the in vivo origin (Ustav et al., 1991). The locations of the three identifiable
sequence motifs within the origin region are as shown, with the numbers between the motifs indicating the spacing in bp. The 18-bp inverted repeat
(IR) element contains the E1BS. Plasmid pBOR contains the entire sequence from 7892 to 7852, while pMINORI contains the sequence from 7907 to
7927, which includes the AT-rich element, the 18-bp IR, and the E2BS. Plasmid pMINORI/AT0 contains BPV-1 sequences from 7930 to 7927 and has
the region from 7907 to 7929 replaced with the non-AT-rich sequence as shown. The entire sequence of pBATFE1E2 is shown and it has been aligned
with the 18-bp IR of the authentic origin. The numbers between the boxed subelements indicate the spacing in bp.
pBATFE1E2 was identical to the authentic origin, but Multiple E2 binding sites enhance the replication of
the reconstituted originthere was slightly altered spacing between the subele-
ments in comparison to the native origin (Fig. 1). This
Previously it was shown that multiple E2BSs can re-
spacing difference was partially compensated for by sub-
store replication to a defective replication origin (Ustav et
stitution of high-affinity E2BS9 for the weak E2BS12 nor-
mally present in the origin. The presence of a high affinity
E2BS has been shown to allow greater flexibility for the
functional spacing between the E1BS and the E2BS (Us-
tav, E., et al., 1993). Transient replication by pBATFE1E2
was compared with pBOR, which contains 105 bp of
sequence cloned from the native BPV-1 origin, and the
parental pUC18, which contains no BPV-1 origin se-
quence. pBATFE1E2 cotransfected into CHO cells with
heterologous expression vectors for the E1 and E2 pro-
teins yielded a DpnI-resistant product that was E1-de-
pendent (Fig. 2, lanes 7– 10) and E2-dependent (data not
shown), as does pBOR (Fig. 2, lanes 3–6). The DpnI-
resistant product increased over time (Fig. 2, lanes 7–9)
and was MboI-sensitive (data not shown), indicating that
this product represented genuine replication. These data
indicate that one copy each of the ATR, the E1BS, and
E2BS9 in the absence of any additional BPV-1 sequence
constitute a functional replication origin. However, repli-
cation levels for pBATFE1E2 were reduced by approxi-
mately 75% in comparison to those for pBOR (Fig. 2,
compare lanes 7–9 to lanes 3–5). The reduced replica-
tion of pBATFE1E2 suggests that the presence of addi-
FIG. 2. Transient DNA replication of reconstituted origin constructs.
tional flanking or intervening sequences and/or specific pUC18, pBOR, pBATFE1E2, and pBATFE1E2T were each coelectropor-
spacing requirements between the three subelements ated into CHO cells with (/ lanes) or without (0 lanes) heterologous
expression vectors for the E1 and E2 proteins as indicated. Hirt extrac-also may influence replication efficiency of the native
tion was performed at timepoints of 48, 72, and 96 hr postelectropora-BPV-1 origin. Nonetheless, the demonstration of replica-
tion, products were digested with DpnI and HindIII and analyzed by
tion competency by pBATFE1E2 allowed further analysis Southern blotting with a pBOR-specific probe. Lane 1 shows 200 pg
of the relationships between and the requirements for of HindIII-linearized pBOR marker DNA. The arrow indicates the posi-
tion of the linear, genome size DpnI-resistant product.the individual subelements.
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One copy each of the three subelements is required
for a functional reconstituted origin
Four additional clones, pBATFE1, pE1E2, pE1BS, and
pBATFNE1E2 (Figs. 3 and 7) were constructed to test
the requirements for each of the individual subelements.
pBATFE1 lacks the E2BS, pE1E2 lacks the ATR, pE1BS
lacks both the E2BS and the ATR, and pBATFNE1E2 has
a non-E1 binding 18-bp inverted repeat (Holt et al., 1994;
Holt and Wilson, 1995) substituted for the functional E1BS
present in pBATFE1E2. These four constructs were
tested by the transient replication assay and all were
found to be negative for replication (Fig. 3, lanes 3, 4,
and 7; Fig. 7). The failure of pBATFE1, pE1BS, and
pBATFNE1E2 to replicate confirmed that a functional re-
constituted origin requires both an E2BS and an E1BS
as has been demonstrated for these elements in the
context of the authentic origin (Ustav, M., et al., 1991;
Ustav, E., et al., 1993). Furthermore, the inability of pE1E2
to replicate suggests that the ATR is an equally critical
component of the functional origin. This essential re-
FIG. 3. Subelement requirements for a functional origin. Constructs quirement for the ATR was also observed for in vitro
lacking one or more subelements (lanes 3–7) were tested for transient replication of BPV-1 (Bonne-Andrea et al., 1997). The lack
in vivo replication as described in the legend to Fig. 2. Replication of
of replication function by all three constructs containingthese constructs was compared with replication positive clones
only two of the three subelements indicates a require-pBATFE1E2 (lane 1) and pBATFE1E2T (lane 2) and with replication
negative pUC18 (lane 8). Shown above each lane is a diagram of the ment for the presence of at least one copy each of the
subelement composition of each clone tested (lane 3, pBATFE1; lane ATR, E1BS, and E2BS9 to generate a functional reconsti-
4, pE1E2; lane 5, pE1E2D; lane 6, pE1E2T; lane 7, pE1BS). tuted origin.
To verify that the ATR is also essential in the context
of the authentic origin, a pair of minimal origin clones
al. 1993). To determine whether additional E2BSs could
that differed only in the presence (pMINORI) or absence
enhance replication of the reconstituted origin, pBAT-
(pMINORI/AT0) of the ATR were compared for replication
FE1E2T was constructed by cloning two additional cop-
capacity (Fig. 4). pMINORI replicated effectively, reaching
ies of E2BS9 in tandem to the one present in pBATFE1E2.
levels of 50–60% of pBOR. Since pMINORI and pBOR
Transient replication assays were done as described
both contain the identical core origin sequences from
above and pBATFE1E2T also replicated in an E2-depen-
7908–7927 (see Fig. 1), the decreased replication by
dent (data not shown) and E1-dependent manner (Fig.
2, lanes 11–14). Quantitation of the replicated material
showed that the presence of additional E2BSs enhanced
replication of pBATFE1E2 by two- to threefold, further
demonstrating that the synthetic origin recapitulated the
properties of the authentic origin.
Enhancement of the reconstituted origin’s replication
by the addition of multiple copies of the E2BS presumably
reflects an increased frequency of occupancy of the
E2BSs by the E2 protein in pBATFE1E2T compared to
pBATFE1E2. Bound E2 protein has been shown to dis-
place cellular histones at the BPV-1 origin (Li and
Botchan, 1994), to facilitate binding of the E1 protein to
the E1BS in the BPV-1 origin (Mohr et al., 1990; Blitz
and Laimins, 1991; Ustav and Stenlund, 1991; Seo et
al., 1993a; Sedman and Stenlund, 1995), and to direct
assembly of E1 multimers at the origin (Sedman and
FIG. 4. Transient replication of an authentic minimal origin constructStenlund, 1996; Berg and Stenlund, 1997). All of these
with (pMINORI) and without (pMINORI/AT0) the ATR compared to
functions would be favored by a higher local concentra- pBOR. Each indicated plasmid DNA was electroporated into CHO cells
tion of E2 at the origin which could account for the in- and the replicated DNA was detected at 96 hr postelectroporation as
described in the legend to Fig. 2.creased replication of pBATFE1E2T.
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FIG. 5. Binding of E1 protein to reconstructed origins. E1 protein was immunoprecipitated with anti-E1 serum (lanes I) or preimmune serum (lanes
PI), and the immunoprecipitates were incubated with radiolabeled DNA fragments as described under Materials and Methods. Lanes lacking both
serum and E1 protein (lanes 1, 3, 6, 9, 12, 15, and 18) show the input DNA only. Input DNA consisted of a nonorigin fragment derived from pUC18
(indicated by the arrow) and a larger fragment derived from the plasmid indicated above each set of lanes. For pE1BS the origin fragment and the
nonorigin fragment do not resolve well in the input lane. The set marked NONE (lanes 3–5) contains only the pUC18 fragment and no origin
fragment.
pMINORI suggests that the additional flanking BPV-1 se- enhance replication of the reconstituted origin (Fig. 2,
lanes 11–13) has been shown. Whether this enhancingquences in pBOR either enhance the core replication
activity or decrease a negative effect from adjacent vec- effect could rescue replication by an origin lacking the
ATR was tested using constructs pE1E2D and pE1E2T.tor sequences. In contrast to pMINORI, there was little
or no replication by pMINORI/AT0 (2% of pMINORI), Both of these constructs lack the ATR but have two and
three tandem copies of E2BS9, respectively. Transientdemonstrating that the ATR has an essential role in the
BPV-1 origin that is not confined to the reconstituted replication assays demonstrated that neither two nor
three copies of E2BS9 could rescue the replication com-system. Furthermore, since pMINORI and pBATFE1E2
share the three core subelements, the decreased replica- petency of the ATR-minus constructs (Fig. 3, lanes 5 and
6). These data further indicate that the BPV-1 ATR servestion of pBATFE1E2 compared to pMINORI (25% and 50 –
60% of pBOR, respectively) likely reflects the alteration a critical function in the reconstituted origin and that this
function cannot be compensated for even by additionalis spacing and intervening sequences in pBATFE1E2.
One possible explanation for the failure of the ATR- multimeric copies of an E2BS. However, while the ATR
was critical for origin function, it was not sufficient asminus constructs to replicate was a defect in binding E1
protein. This is unlikely as we and others have demon- even a multimer of three tandem copies of the BPV-1
ATR (plasmid pBATFFR) was replication negative (Fig. 7).strated that E1 binding to the origin region depends only
on sequences within the 18-bp IR, and that flanking BPV-
Heterologous cassettes of identical A / T content1 sequences do not contribute in a sequence-specific
but different primary sequence can substitute for thefashion (Holt et al., 1994). Nonetheless, to ensure no such
BPV-1 ATR in the reconstituted origindefect occurred, each origin construct was tested for E1
binding in vitro (Fig. 5). As expected, origin fragments from
The critical function of the BPV-1 ATR in replication
each construct containing the E1BS were bound specifi-
of the reconstituted origin may depend on the primary
cally by E1 protein (lanes 11, 14, 17, 20). Repeated assays
sequence or the nucleotide composition of the region.
did not demonstrate any significant quantitative difference
To determine whether or not there was a stringent re-
in E1 binding to different origin constructs, so the ATR
quirement for the primary sequence of the BPV-1 ATR,
was not critical for efficient origin recognition by the E1
two synthetic oligonucleotide cassettes of identical A /
protein and defective binding cannot explain the lack of
T content but different primary sequence were inserted
replication by the ATR-minus constructs.
into the nonreplicating pE1E2 construct. The resultant AT
Multiple copies of E2BS9 cannot compensate for the constructs, pAT1E1E2 and pAT2E1E2, are identical to
absence of the ATR pBATFE1E2 except that the BPV-1 ATR has been re-
placed with the heterologous ATRs. Each of the replace-The ability of additional multimeric E2BSs to rescue
a replication-defective origin (Ustav et al., 1993) and to ment constructs was tested for transient DNA replication
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indicate that it is primarily AT-content that is important
for the function of this subelement; however, there may
also be some primary sequence contribution as neither
replacement construct restored replication completely to
the levels seen with pBATFE1E2.
The ATR of BPV-1 spontaneously unwinds in vitro
The ATR substitution experiment indicates that the crit-
ical function of the ATR in the reconstituted origin is not
absolutely dependent on the primary sequence. The fact
that both ATR substitutions could replicate while having
only A/ T content in common, and differing in nucleotide
sequence from each other and the BPV-1 ATR, suggests
that at least part of the requirement for ATR function isFIG. 6. Heterologous cassettes of identical A/ T content but different
related to sequence composition. Some ATRs in simpleprimary sequence substitute for the BPV-1 ATR. Reconstituted origin
constructs were assayed for transient replication as described in the eukaryotic origins can function as regions of DNA un-
legend to Fig. 2. Specific constructs tested are indicated above each winding (DUEs) and this property was found to depend
lane and are described in the text. both on A / T content and the specific DNA sequence
of the ATR (Lin and Kowalski, 1994). The AT-rich regions
of simple eukaryotic replication origins, by virtue of lowcompared to pBATFE1E2 and pE1E2 (Fig. 6). Addition
of the heterologous AT sequences to pE1E2 restored inherent thermodynamic stability, may structurally and
functionally coincide with the DNA unwinding elementreplication to levels similar to those of pBATFE1E2 (from
50–80% of pBATFE1E2 in repeated trials). These results (DUE) of the origin (DePamphilis, 1993). In origins where
FIG. 7. Subelement composition of constructs tested and transient replication assay results. Shown are the clone names, the subelement
composition of each clone, and the relative replication capacity of each clone from no replication (0) to strong replication (/ / / /). Relative
replication was determined from the results in Figs. 2, 3, and 6, and from data not shown. All replication-negative constructs bound E1 protein in
vitro except for pBATFNE1E2 and pBATFFR (data not shown), both of which lacked a functional E1BS.
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FIG. 8. The BPV-1 ATR spontaneously unwinds in vitro. (A) Shown is the predicted delta G for pMINORI (upper graph) and pMINORI/AT0 (lower
graph) in the BPV-1 origin region of each plasmid as determined with the Thermodyne program (Natale et al., 1992). The horizontal line indicates
the average delta G of 20.4 for the entire BPV-1 genome. The locations of the three origin subelements are as indicated. (B) Supercoiled plasmid
DNAs were incubated with (/) or without (0) mung bean nuclease (MBN) as described under Materials and Methods. The PCR-directed primer
extension products of the MBN-treated and untreated samples were analyzed on an 8% sequencing gel and the positions of the BPV-1 AT-rich
element, E1BS (18 bp IR), and E2BS are as indicated.
the AT-rich region functions as a DUE, low thermody- cleavage in the region comparable to the ATR sequence
in pMINORI. This reduced cleavage is consistent withnamic stability of the ATR leads to spontaneous unwind-
ing in the absence of helicase proteins as a result of the ATR element providing a sequence environment that
facilitates unwinding of the origin region.torsional stress in the supercoiled molecule (Natale et
al., 1992).
The predicted thermodynamic stability of pMINORI and DISCUSSION
pMINORI/AT0 was examined with the Thermodyne pro-
gram (Natale et al., 1992) (Fig. 8A). In both plasmids, the We have shown that the cis requirements for a func-
tional minimal BPV-1 origin of replication consist of oneE1BS had a low predicted delta G, while the presence
of the AT-rich region in pMINORI resulted in an extended copy each of the three subelements from the native BPV-
1 replication origin; the ATR, the E1BS, and the E2BS.region of low delta G that was absent in pMINORI/AT0.
Mung bean nuclease (MBN), which preferentially cleaves Clearly, additional BPV-1 sequences flanking and be-
tween these subelements in the authentic origin are notregions of single-stranded DNA present in a supercoiled
molecule of double-stranded DNA, was used to examine absolutely essential for replication since they are absent
in the replication competent pBATFE1E2. This is the firstactual spontaneous unwinding of the origin regions in
pMINORI and pMINORI/AT0 (Fig. 8B). For pMINORI there evidence that these subelements can function in vivo
independently of any other BPV-1 sequences. In addition,was extensive MBN cleavage throughout the origin re-
gion with major cleavage sites within both the E1BS and the requirement for one copy each of the three individual
subelements suggests that each supplies a separate ac-the ATR region. In contrast, pMINORI/AT0 had a general
reduction in MBN cleavage and had greatly reduced tivity necessary for origin function. This is supported by
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FIG. 9. Comparative organization of papillomavirus origin regions. Schematically shown are the origin regions for BPV-1, HPV 1a, HPV 11, and
HPV 18. The origins of the HPVs have been aligned on the sequences which are homologous to the E1BS identified in BPV-1 (Holt et al., 1994).
The relative locations of known consensus E2BS motifs are as indicated. Note that one of the E2BS motifs present in the HPV 1a origin region is
an imperfect E2BS (E2BS*). Shown in black are regions between the E2BSs that have high AT content. The brackets indicate fragments that have
been shown to possess replication activity in transient assays for BPV-1 (Ustav et al., 1991), HPV 1a (Gopalakrishnan and Khan, 1994), HPV 11
(Russell and Botchan, 1995), and HPV 18 (Sverdrup and Khan, 1994, 1995).
the inability of multiple copies of one subelement to com- the replacement ATRs to bind the requisite factors could
account for their reduced replication.pensate for the absence of other subelements (Figs. 3
and 7). Differences in cis and trans requirements have been
noted among various papillomavirus types. The core HPVPrevious studies of the native BPV-1 origin have estab-
lished the requirement for the E1BS and the E2BS (Ustav origin, as present in types 6, 11, 16, and 18, consists of
two E2BSs surrounding an AT-rich region which may con-and Stenlund, 1991; Ustav, M., et al., 1991; Seo et al.,
1993a; Ustav, E., et al., 1993; Holt and Wilson, 1995; Sed- tain the putative E1BS (Lu et al., 1993; Sverdrup and Khan,
1995). Minimal cis requirements for HPV 11 and HPV 18man and Stenlund, 1995; Sedman et al., 1997), but the
role of the ATR remained undefined. The current study origin function were found to consist of two E2BSs alone
or one E2BS in combination with the AT-rich region, withsupplies direct evidence that the BPV-1 ATR is critical
for replication function in the context of the BPV-1 origin. replication of these constructs occurring only in the pres-
ence of the E1 and E2 proteins (Lu et al., 1993; SverdrupAt least part of the BPV-1 ATR function appears to be that
of a DUE, since it can be replaced in part by heterologous and Khan, 1995). We report here that, unlike HPV 18
(Sverdrup and Khan, 1995), but consistent with the authen-ATRs. It is possible that both of the heterologous ATRs
are less efficient DUEs than the BPV-1 ATR, which would tic BPV-1 origin, the E1BS was indispensable in the BPV-
1 minimal reconstituted origin, even when multiple copiesaccount for their slightly decreased replication compared
to pBATFE1E2. Alternatively, there may also be a se- of the E2BS were supplied in conjunction with the BPV-1
ATR (Fig. 3, lanes 5 and 6). While the defined minimalquence-specific contribution of the BPV-1 ATR that is not
matched by the two substitute sequences. It is possible cis requirements for replication function differ among the
papillomavirus origins that have been well characterized,that in addition to a role in facilitating strand separation,
the authentic ATR element serves as a binding site for the organizational composition of the natural origin re-
gions is in fact very similar (Fig. 9). In each case there iscellular factors that contribute to BPV-1 replication effi-
ciency. We have recently observed that the Oct1 cellular a predicted E1BS located within an AT-rich region which
is adjacent to one or more E2BSs. Furthermore, for thesetranscription factor binds the BPV-1 ATR but neither of
the two substitute ATRs (V. Wilson, unpublished data), four viruses it has been shown that a DNA fragment con-
taining the E1BS, AT-rich sequences, and a single E2BSsuggesting that the BPV-1 ATR could be a transcription
factor binding element comparable to those observed in has at least minimal origin function. This is consistent
with a distinct role for each component such as we haveother simple eukaryotic origin systems. The inability of
AID VY 8793 / 6a4f$$$383 10-01-97 12:48:59 vira AP: VY
207MINIMAL BPV-1 ORIGIN RECONSTITUTION
papillomavirus E1 protein binds specifically DNA polymerase a butshown for the BPV-1 origin. Therefore, the apparent varia-
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71, 6805–6815.ties of E1 and E2 to interact with each other and the
Borowiec, J. A., Dean, F. B., Bullock, P. A., and Hurwitz, J. (1990). Bindingrespective origins, rather than true differences in cis orga-
and unwinding—How T antigen engages the SV40 origin of DNAnizational requirements. The replication of HPVs 11 and
replication. Cell 60, 181–184.
18 in the absence of the AT-rich region (Lu et al., 1993; Coverley, D., and Laskey, R. A. (1994). Regulation of eukaryotic DNA
Sverdrup and Khan, 1995) suggests that their E1 proteins replication. Annu. Rev. Biochem. 63, 745–776.
Depamphilis, M. L. (1988). Transcriptional elements as components ofmay possess greater intrinsic helicase activity than does
eukaryotic origins of DNA replication. Cell 52, 635–638.the BPV-1 E1 protein and consequently are not absolutely
DePamphilis, M. L. (1993). Eukaryotic DNA replication: Anatomy of andependent upon AT-rich sequences to induce strand sep-
Origin. Annu. Rev. Biochem. 62, 29–63.
aration. Nonetheless, the conserved presence of AT-rich Fangman, W. L., and Brewer, B. J. (1991). Activation of replication origins
regions in all the origins suggests that these sequences within yeast chromosomes. Annu. Rev. Cell. Biol. 7, 375–402.
Fanning, E. (1994). Control of SV40 DNA replication by protein phos-do contribute to replication efficiency in the natural origin
phorylation: A model for cellular DNA replication? Trends Cell Biol.context. The contribution of the AT-rich region is supported
4, 250–255.by analysis of the individual HPV AT-rich sequences which
Gavin, K. A., Hidaka, M., and Stillman, B. (1995). Conserved initiator
shows a predicted low delta G for strand separation in proteins in eukaryotes. Science 270, 1667–1671.
each case (data not shown) and by mutational analysis Gilbert, D. M., and Cohen, S. M. (1987). Bovine papilloma virus plasmids
replicate randomly in mouse fibroblasts throughout S phase of theof the HPV 11 ATR, which shows reduced replication for
cell cycle. Cell 50, 59–68.ATR linker substitutions (Russell and Botchan, 1995).
Gopalakrishnan, V., and Khan, S. A. (1994). E1 protein of human papillo-In summary, the composition of a minimal functional
mavirus type 1a is sufficient for initiation of viral DNA replication.
BPV-1 origin consists of discrete binding sites for the E1 Proc. Natl. Acad. Sci. USA 91, 9597–9601.
initiator protein, the E2 replication enhancer/transcrip- Grossel, M. J., Sverdrup, F., Breiding, D. E., and Androphy, E. J. (1996).
Transcriptional activation function is not required for stimulation oftional transactivator protein, and the ATR. The modular
DNA replication by bovine papillomavirus type 1 E2. J. Virol. 70,tripartite organization of the BPV-1 origin, combined with
7264–7269.the known properties of the BPV-1 system, namely coordi-
Holt, S. E., and Wilson, V. G. (1995). Mutational analysis of the 18-base-
nation of origin-positive DNA replication with the cell cycle pair inverted repeat element at the bovine papillomavirus origin of
of metazoan cells, demonstrates the utility of this system replication—Identification of critical sequences for E1 binding and
in vivo replication. J. Virol. 69, 6525–6532.as an adjunct to presently studied eukaryotic replication
Holt, S. E., Schuller, G., and Wilson, V. G. (1994). DNA binding specificitymodels such as yeast and SV40. Our reconstitution system
of the bovine papillomavirus E1 protein is determined by sequencescan now be used to systematically evaluate the role of
contained within an 18-base-pair inverted repeat element at the ori-
spacing, orientation, and linear order of the three compo- gin of replication. J. Virol. 68, 1094–1102.
nent subelements on origin function, as well as identify Koetsier, P. A., Schorr, J., and Doerfler, W. (1993). A rapid optimized
protocol for downward alkaline Southern blotting of DNA. Bio Tech-and characterize additional auxiliary sequences that may
niques 15, 260–262.enhance replication of this minimal origin.
Kowalski, D., and Eddy, M. J. (1989). The DNA unwinding element: A
novel, cis-acting component that facilitates opening of the Esche-
ACKNOWLEDGMENTS richia coli replication origin. EMBO. J. 8, 4335–4344.
Li, R., and Botchan, M. R. (1994). Acidic transcription factors alleviate
We thank Dr. Arne Stenlund for supplying the pCGEAG-E1 and nucleosome-mediated repression of DNA replication of bovine papil-
pCGE2 expression vectors. We thank Gennie Schuller, Johnny Fazzino, lomavirus type 1. Proc. Natl. Acad. Sci. USA 91, 7051–7055.
and Rachel Redfern for excellent technical support and Shawn Holt for Lin, S., and Kowalski, D. (1994). DNA helical stability facilitates initiation
insightful discussion. This work was funded by PHS Grant CA5699 and at the SV40 replication origin. J. Mol. Biol. 235, 496–507.
American Cancer Society Grant VM-183. Lu, J. Z., Sun, Y. N., Rose, R. C., Bonnez, W., and McCance, D. J. (1993).
Two E2 binding sites (E2BS) alone or one E2BS plus an A/T-rich
region are minimal requirements for the replication of the humanREFERENCES
papillomavirus type 11 origin. J. Virol. 67, 7131–7139.
Matsumoto, T., Eki, T., and Hurwitz, J. (1990). Studies on the initiationBell, S. P., and Stillman, B. (1992). ATP-dependent recognition of eukary-
and elongation reactions in the simian virus 40 DNA replicationotic origins of DNA replication by a multiprotein complex. Nature
system. Proc. Natl. Acad. Sci. USA 87, 9712–9716.357, 128–134.
Melendy, T., Sedman, J., and Stenlund, A. (1995). Cellular Factors Re-Benbow, R. M., Zhao, J., and Larson, D. D. (1992). On the nature of
quired for Papillomavirus DNA Replication. J. Virol. 69, 7857–7867.origins of DNA replication in eukaryotes. Bioessays 10, 661–670.
Mohr, I. J., Clark, R., Sun, S., Androphy, E. J., MacPherson, P., andBerg, M., and Stenlund, A. (1997). Functional interactions between pap-
Botchan, M. R. (1990). Targeting the E1 replication protein to theillomavirus E1 and E2 proteins. J. Virol. 71, 3853–3863.
papillomavirus origin of replication by complex formation with theBlitz, I. L., and Laimins, L. A. (1991). The 68-kilodalton E1 protein of
E2 transactivator. Science 250, 1694–1699.bovine papillomavirus is a DNA binding phosphoprotein which asso-
Mu¨ller, F., Seo, Y.-S., and Hurwitz, J. (1994). Replication of bovine papil-ciates with the E2 transcriptional activator in vitro. J. Virol. 65, 649–
lomavirus type 1 origin-containing DNA in crude extracts and with656.
Bonne-Andrea, C., Santucci, S., Clertant, P., and Tillier, F. (1995). Bovine purified proteins. J. Biol. Chem. 269, 17086–17094.
AID VY 8793 / 6a4f$$$383 10-01-97 12:48:59 vira AP: VY
208 MCSHAN AND WILSON
Nallaseth, F. S., and DePamphilis, M. L. (1994). Papillomavirus contains loma virus (BPV)-encoded E1 protein contains multiple activities re-
quired for BPV DNA replication. Proc. Natl. Acad. Sci. USA 90, 702–cis-acting sequences that can suppress but not regulate origins of
706.DNA replication. J. Virol. 68, 3051–3064.
Seo, Y. S., Mu¨ller, F., Lusky, M., Gibbs, E., Kim, H. Y., Philips, B., andNatale, D. A., Schubert, A. E., and Kowalski, D. (1992). DNA helical
Hurwitz, J. (1993c). Bovine papillomavirus (BPV)-encoded E2 proteinstability accounts for mutational defects in a yeast replication origin.
enhances binding of E1 protein to the BPV replication origin. Proc.Proc. Natl. Acad. Sci. USA 89, 2654–2658.
Natl. Acad. Sci. USA 90, 2865–2869.Park, P., Copeland, W., Yang, L., Wang, T., Botchan, M. R., and Mohr,
Spalholz, B. A., McBride, A. A., Sarafi, T., and Quintero, J. (1993). BindingI. J. (1994). The cellular DNA polymerase Alpha-primase is required
of bovine papillomavirus E1 to the origin is not sufficient for DNAfor papillomavirus DNA replication and associates with the viral E1
replication. Virology 193, 201–212.helicase. Proc. Natl. Acad. Sci. USA 91, 8700–8704.
Sverdrup, F., and Khan, S. A. (1994). Replication of human papillomavi-Russell, J., and Botchan, M. R. (1995). cis-acting components of human
rus (HPV) DNAs supported by the HPV type 18 E1 and E2 proteins.papillomavirus (HPV) DNA replication: Linker substitution analysis
J. Virol. 68, 505–509.of the HPV type 11 origin. J. Virol. 69, 651–660.
Sverdrup, F., and Khan, S. A. (1995). Two E2 binding sites alone areSedman, J., and Stenlund, A. (1995). Co-operative interaction between
sufficient to function as the minimal origin of replication of humanthe initiator E1 and the transcriptional activator E2 is required for
papillomavirus type 18 DNA. J. Virol. 69, 1319–1323.replicator specific DNA replication of bovine papillomavirus in vivo
Ustav, E., Ustav, M., Szymanski, P., and Stenlund, A. (1993). The bovine
and in vitro. EMBO. J. 14, 6218–6228.
papillomavirus origin of replication requires a binding site for the E2
Sedman, J., and Stenlund, A. (1996). The initiator protein E1 binds to transcriptional activator. Proc. Natl. Acad. Sci. USA 90, 898–902.
the bovine papillomavirus origin of replication as a trimeric ring-like Ustav, M., and Stenlund, A. (1991). Transient replication of BPV-1 re-
structure. EMBO. J. 15, 5085 –5092. quires two viral polypeptides encoded by the E1 and E2 open reading
Sedman, T., Sedman, J., and Stenlund, A. (1997). Binding of the E1 and frames. EMBO J. 10, 449–457.
E2 proteins to the origin of replication of bovine papillomavirus. J. Ustav, M., Ustav, E., Szymanski, P., and Stenlund, A. (1991). Identifica-
Virol. 71, 2887–2896. tion of the origin of replication of bovine papillomavirus and charac-
Seo, Y.-S., Mu¨ller, F., Lusky, M., Gibbs, E., Kim, H.-Y., Phillips, B., and terization of the viral origin recognition factor E1. EMBO J. 10, 4321–
Hurwitz, J. (1993a). Bovine papilloma virus (BPV)-encoded E2 protein 4329.
enhances binding of E1 protein to the BPV replication origin. Proc. Yang, L., Mohr, I., Fouts, E., Lim, D. A., Nohaile, M., and Botchan, M.
Natl. Acad. Sci. USA 90, 2865 –2869. (1993). The E1 protein of bovine papilloma virus 1 is an ATP-depen-
dent DNA helicase. Proc. Natl. Acad. Sci. USA 90, 5086–5090.Seo, Y. S., Mu¨ller, F., Lusky, M., and Hurwitz, J. (1993b). Bovine papil-
AID VY 8793 / 6a4f$$$384 10-01-97 12:48:59 vira AP: VY
